Abstract: This study investigates the pattern of thinning in the square-shaped deep drawing of aluminium alloy by focusing on the die-punch alignment. The thickness measurements of the drawn blank are obtained by analysing the images obtained from the Alicona Infinite System, a commercial 3D non-contact surface measurement system. The thinning pattern is then mapped on the basis of the measurements made on a few locations along the drawn blank cross-sectional profile. Results show that misalignments may cause unbalanced thickness, thus leading to the premature failure of the blank. Furthermore, misalignments also increase the load required for the drawing process.
Introduction
The deep drawing process (DDP) is a common metal forming process in the automotive, aerospace, and packaging industries. The ability to draw sheets was developed from simple to complex geometries that depend on the degree of control of the process parameters. The use of theoretical analysis is difficult because of complex process parameters, and standard mathematical programming techniques are impractical for use in realistic applications. Thus, optimisation techniques have been developed to obtain the best results in deep drawing. Many industries are looking for a reliable technique that yields high product quality while decreasing material costs and rejection rates. Three types of failures generally exist in DDP, namely, wrinkling, fracture, and earing (Wifi et al., 2007) . As shown in Figure 1 , the basic elements of deep drawing are punch, blank holder or stripper, die and blank. When the blank holder force is low, the compressive stress can exceed the pressure of the blank holder and result in buckling in the form of wrinkling. This defect may occur on the flange part before the flow in the die (Sezek et al., 2010) . For the square-shaped drawn parts, the process suffers from disparities in the tension stress. Figure 2 shows the deformation pattern of the drawn shapes. Two-dimensional stress occurs within the blank, where σ 1 represents the tension and σ 2 represents the compression. RB, RS, RC, d, w, and t represent the bottom radius, shoulder radius, corner radius, depth, width, and thickness of the drawn part, respectively (Suchy, 1997) . Furthermore, the direction and values change as they approach the corner. The direction is diverted from their radial course toward the adjacent sides of the drawn part. Therefore, the values of these parameters affect the quality of the drawn part. Note that the length l of a square cup is equal to its width w.
When the blank holder force is high, the material flow is thwarted from the flange to the wall of the drawn cup. This process causes a high amount of stress in the bottom of the cup until a fracture occurs in the corner part of the drawn part. The first stage of fracturing occurs from the thinning of the sheet because of DDP until the sheet finally splits (Ayari et al., 2009) . Wifi et al. (2007) found that the DDP is also affected by material anisotropy, where DDP sets a limit on the ratio of the initial blank diameter to the internal diameter of the drawn cup. Source: Suchy (1997) 
Thinning
Thinning is a major problem in DDP and tends to cause defects, such as breakage or fracture. Mostafapur et al. (2013) defined the failure in the deep drawing of sheet metal when the thinning achieved approximately 20% thickness. Thinning has been highlighted as an important parameter in micro-forming (Fu and Chan, 2013) . Figure 3 shows the common type of thinning in DDP. Thinning is generally a result of the poor selection of design geometries (e.g., the radius between the matting punch and die). As shown in Figure 3 (a), thinning may be observed when a mismatch occurs between the radius of the die shoulder and die bottom compared with the matting radius of the punch nose and punch shoulder. Thinning can also be caused when the blank is stretched because of the high friction at the contact point between the blank and die [Figure 3(b) ]. Taleff et al. (2010) studied the thinning phenomenon, the effect of the sheet-die friction, the die geometry, and the properties of the materials used. They found that increasing the die-entry radius decreases the thinning. Ayari and Bayraktar (2011) used an optimisation approach to improve the final quality of a deep drawn product by determining the optimal values of the geometric tool parameters. Four parametric studies have been considered, including the effect of the aspect ratio (lD) and blank thickness on the drawing limit of DDP. They also considered the effect of the aspect ratio (lD), punch section radius (rsP), and die fillet radius (rfD) on the drawing depth, wrinkling, and thinning of the formed cup. Furthermore, the effect of the cup aspect ratio (lD), die section radius (rsD), and punch fillet radius (rfP) on DDP was also examined. The effect of the aspect ratio (lD) and punch travel distance (sP) on the DDP was also considered. In other works, Poor and Moosavi (2013) introduced the use of the counter-pressure profile and found that minimum thinning can be obtained at the maximum of the counter-pressure profile (i.e., 17 MPa). Zhang et al. (2000a) simulated the hydroforming deep drawing (HDD) process by using the explicit FE method and achieved almost accurate thinning distributions, particularly around the punch profile area. Local thinning is predicted to occur on the punch profile at low pressures and on the die profile when the chamber pressure is high. Other studies have successfully simulated the HDD processes of parabolic work pieces (Zhang et al., 2000b) . Demirci et al. (2008) studied the effect of the blank holder force on the thickness variation. From their observations, thinning is more prevalent on straight edges than on horizontal edges. Mohsen and Farhad (2014) recommended the optimal process and design parameters for minimal thinning: the recommended BHF is 8 kN and the die and punch radius is at least 12 mm. These parameters are based on the result obtained from the integration of FE, ANN, and simulated annealing approaches. Mostafapur et al. (2013) introduced a new mechanism of blank holding, namely, the pulsating system. They found that this mechanism can increase the depth of deep drawing without partial thinning and tearing compared with the static blank holder.
Misalignment
Any misalignment of the die may cause severe damage. If the punch is not aligned to the hole in the die, non-uniform clearance will occur. If the clearance is too large, then large burrs and parts with poor quality will be produced (Husson et al., 2008) . However, if the clearance is too tight, parts with poor edge quality may be produced, thus reducing tool life, as found by Slavič et al. (2014) who showed that die-punch misalignment (a non-constant clearance between the punch and die) changes the maximum force by up to 4%. Furthermore, misalignment may exacerbate the stress produced during the operation of the die and punch, thus leading to premature tool wear, breakage, and part quality (Guo and Tam, 2012) . Fox (2008) found that misalignment is one of the main causes of die failure. Hematian and Wild (2001) studied the effect of tooling on wrinkling and found that the tilting of the blank is an important parameter and that small tilting causes large wrinkling. To avoid the misalignment of the punch and die, Broomfield et al. (2009) suggested the use of the die set. Similarly, Joo et al. (2001) designed a stripper that may guide the punch tip to minimise the possible of misalignment. Bhuvanesh and Ratnam (2007) developed a vision system that may detect any defect of the stamped part because of misalignment. Modi and Kumar (2013) utilised the drain cavity channel to ensure correct positioning and alignment, and Hosseini and Kadkhodayan (2014) applied the blank-holder-gap profile approach to achieve minimal thinning. Die-punch alignment is illustrated in Figure 4 , which shows that the punch centre must be in-line with the die centre (i.e., from the x and y directions). Die-punch misalignment can be caused by four conditions, namely, out-of-round punch, axial imbalance, tilting of the punch, and tilting of the die (Table 1 ). The out-of-round punch is typically due to the machining error, whereas the remaining types are commonly due to the assembly error or presence of any unintended object. For this research, type II is explored further because of the high possibility of misalignment in this type and because it is also commonly found in DDP. The thinning behaviour of aluminium alloys during square-shaped deep drawing has not been covered by previous studies. Therefore, the current study focuses on this aspect by using experiments. Furthermore, the effect of the shoulder radius on thinning was also explored. The non-contact method of thickness measurement is preferred compared with other available thickness measurement approaches in the market because the probe cannot reach the targeted area for the drawn blank used. Furthermore, the lowest amount of thickness that can be measured before a fracture can be obtained by most equipment.
The effect of material flow behaviour on the occurrence of defects in deep drawing has been addressed by many researchers, and several approaches have been proposed. Another aspect that may also affect material flow is the die-punch alignment. However, this topic has not been investigated. Therefore, the present study will focus on the effect of die-punch alignment on the thinning pattern of the square-shaped deep drawing of aluminium alloy via experiments. The thickness deviation of the drawn profile and the offset of the die-punch alignment are determined by using the non-contact 3D surface measurement technique. Furthermore, the effect of the die shoulder on thinning can also be explored. 
Definition of the die set
The die set was designed with a curved corner. Thus, a die with a sharp corner (left) has varying die clearances. Figure 5 shows the features of the die and punch, and the design parameters used in this study are listed in Table 2 . The clearance at the corner is greater than the clearance along the edges of the tool. The excessive clearance in the corner reduces the quality of the parts. A die with a radius instead of a tapered shape result in uniform clearance, thus improving the quality of the parts. To allow for DDP to be conducted without any external effect such as the friction between the blank and blank holder, the die set was designed without a blank holder. Ordinary engine oil 5W-30 is used in the experiment. For precise assembly of the die and punch with non-critical dimensions, the tolerance was set to 0.05 mm. For loose fitting, the tolerance was +0.02 and +0.05 mm for the hole and 0.02 and -0.05 mm for the shaft. The mirror finish of the surface, which can be achieved by polishing the hardened tool steel by using ceramic fibre stones and then applying a polishing compound, is required for the tool steel parts to reduce the contact friction between the die, punch, and blank. The grit size of the ceramic fibre stone used was #180 (i.e., the roughest grit size), which was designed to remove the rough machining surface or hard EDM scale of the tools and die steel. Thus, this grit size was chosen to remove the tough carbon layer on hardened steel without damaging the dimension of the tool steel. The other grit size of the ceramic fibre stone used was #500 to achieve a smooth surface finish. The polishing compound used has a mesh size of 5,000 and a micro-range of 4.5. For the die, the hole was not made at 90° from the base but deviated by +1° to prevent the drawn sheet metal from sticking inside the die after the DDP. Every part was cut at the sides as the reference for the x-axis to align the part correctly during assembly. The reference axis also helps in the CNC machining. The reference cut becomes the zero reference before proceeding to cut precisely to avoid dimension error. Figure 6 shows how the specimen was prepared by using the EDM wire cut. The shape of the specimen is round. The diameter of the blank is 50 mm according to the depth of the drawing and the dimension of the die. A total of 75 pieces of blanks were prepared because each test needs to be repeated at least three times. For this research, only blanks with 0.6 mm thickness were studied. Figure 6 (a) shows the blank after and before deep drawing and the line of cutting, and Figure 6 (b) shows the half-cut section of the drawn blank with the line markings to be used later in thickness measurements. The shape of the specimen used is a circle, as recommended by Ayari et al. (2009) . 
Preparation of the specimen

Experimental setup
After each part of the test rig was fabricated, hardened, and polished, the parts were assembled. A pair of guides connected the punch and die set. The guide was equipped with springs to assist in retracting the punch set. Figure 7 shows the set mount on the test rig placed under a 15 mt hydraulic jack to provide the punching force. For re-alignment purposes, slots were made in the top plate where the punch is mounted to allow for the movement of the punch on the x-and y-axes by loosening the nuts. A punch with a radius of 2.5 mm and shoulder dies with radii of 5.0 and 2.5 mm were used. Commercial pure aluminium alloy grade 1100 with a diameter of 5.0 mm and a thickness of 0.6 mm was used ( Table 1 ) to ensure that the specimen was aligned when placed on the die. Table 3 lists the mechanical properties of the specimen. The punch was increased with an interval of 1 mm for each stroke until tearing occurred. This point is considered the maximum drawing depth. As shown in Figure 8 , the thickness distribution along the cross section i.e. longitudinal was measured by using an optical 3D surface measurement tool, namely, the Alicona Infinite System. Figure 8(a) shows the positioning of the specimen, and Figure 8 (b) illustrates the resulting profile of the scanned specimen. Only a quarter section of the drawn section is shown. For the purpose of alignment, a similar approach was used wherein the bottom section of the scanned blank was examined with the mark of the punch and die. The offset was determined, and the distance between the two square centre points was identified; that is, the die centre, Cdie and punch centre, Cpunch were defined and the distance of two centre points (provides the offset coordinate) was determined [ Figure 9 (a)]. Utilising the available features in the software, the offset can be determined based on the scanned specimen as shown in Figure 9 (b). Then the offset of the punch and die was corrected with the aid of a dial indicator (Figure 10 ), which has an accuracy of ±0.001 mm. The alignment was corrected from the x-and y-axes, according to the determined offset by loosening the nuts from the top. Therefore, locating the indicator on the rig was unnecessary. In observing the load pattern during the drawing process, a test was conducted by using UTM. The results are shown in Figure 11 . For the case where misalignment is present, two points of interest are considered before the blank breaks due to thinning, namely, at 4.3 and 6.6 mm. A high load is required because the friction between the surfaces increases due to the contact between the punch and die. Despite this result, in the case where the punch was aligned to the die, less load was required (approximately 5%) to perform the operation, as indicated by Slavič et al. (2014) . Hence, the punch can go deeper (1 mm further in this case). To determine the offset coordinate the x-line from the corners of the square shape caused by the die (larger square) and punch (smaller square) was determined ( Figure 9 ). The centre point of the larger square is the die centre point, and the centre point of the smaller square is the punch centre point. According to the image obtained from the Alicona Infinite System, the coordinates between the two centres can be determined by using the right angle triangle theorem. The offset coordinates for the 2.5 mm die is (0.4479 mm, 1.5817 mm) and that for the 5.0 mm die is (1.2869 mm, 0.2272 mm). This offset coordinate is considered the alignment error between the punch and die. The die shoulder radius is varied, and the final values used are 2.5 and 5.0 mm. The die shoulder radius has an effect on the thickness distribution and thinning of the specimen, as well as on the depth of the drawing in the DDP (Zein et al., 2014) . The results from the setup with and without alignment errors are compared for the same die shoulder radius. To measure the thickness distribution, six locations on the drawn blank were selected (Figure 12 ). The locations of the six points for the thickness measurements are concentrated in the necking region. For ideal cases, points 1 to 3 should be the same as points 4 to 6. However, given that the alignment is the main issue, the points are probably different in terms of thickness. Figures 13 and 14 show the longitudinal thickness distribution along the sheet metal at different depths by using a 2.5 mm die shoulder radius Rds for both cases with and without alignment errors, respectively. The mean of the standard deviation for every six points of the case with alignment error is 37.68, whereas the value is 37.48 for the case without alignment error. A low value of the mean of standard deviation for every six points indicates that the deviation in the longitudinal thickness distribution of the specimen is low. This result indicates that thinning occurs in an even manner. Thus, the lines in Figure 13 are closer to each other than that in Figure 14 , thus indicating that the distribution of thinning in longitudinal axis is more uniform without alignment errors and that the depth drawn is 2 mm more than with alignment error. The material flow in the cup head area is more dominant compared to the flange are, therefore thinning occurs. This is because, without blank holder, the radial stresses due to friction is minimum, then less thinning can be found at the flange area. The thickness distribution was measured along the six points with increasing depth of 1 mm before tearing. The successful drawn depth was 5 mm with alignment error and 7 mm without alignment error. The standard deviation is similar along the depth for the table showing the thickness distribution, which becomes more uneven as the depth increases. The standard deviation along the six points shows that point 5 undergoes the highest deviation, followed by points 1 and 2. For the other case, point 2 is followed by points 4 and 5. The difference is due to the offset in the alignment that causes variations in thinning at different points. This result is similar to the results in the 2.5 mm die shoulder radius. Figures 15 and 16 show the thickness distribution along the sheet metal with different depths by using a die shoulder with a radius of 50 mm with and without alignment errors, respectively. The mean of the standard deviation for each of the six points is 35.66 with alignment error and 34.95 without alignment error. This result is similar to the results in the case where the die shoulder radius is 2.5 mm. The lines in Figure 15 are closer to each other than those in Figure 16 . This result implies that without the alignment error, the distribution of thinning is even and shows that the depth drawn is 2 mm more than when the alignment error is present. Figure 17 shows the mean of the thickness distribution of aluminium AA1100 sheet metal by using a die shoulder radius Rd of 2.5 and 5.0 mm with and without alignment error, respectively. The die shoulder radius of 5.0 mm has a high mean of thickness at each point. This result shows that sheets with large die shoulder radii have high mean thickness at every point. This result can provide a more even thinning for deeper drawings without tearing and indicates that the mean value of the thickness at every point is higher when no alignment error is present for a die radius of 2.5 and 5.0 mm. Based on these observations, it is clear that LDR (limiting drawing ratio) for aligned puncher to the die was improved and by increasing the shoulder radius, even better LDR can be found. By increasing the shoulder radius, the necking could be delayed. 
Conclusions
We study the effect of alignment error in the DDP of a square-shaped die with 2.5 and 5.0 mm die shoulder radius with an incremental drawing of 1 mm until tearing occurs. Good formability aluminium alloy grade 1100 with 0.5 mm thickness was used for the experiment. The result found that, deep drawing without alignment error, the maximum depths are 7 and 8 mm, respectively. However, with alignment error, the maximum depths drawn without tearing for die shoulder radii of 2.5 and 5.0 mm are 5 and 6 mm, respectively. Furthermore, for alignment-error-free DDP provides even thickness distributions for the die shoulder radii values. This study concludes that for DDP, the die-punch alignment is important and affects the formability behaviour of the material for this depth case. Furthermore, the results depict that the effect of the blank holder radius on the thickness pattern is also significant. A bigger radius corresponds to easier material flow, thus delaying the failure and improving the formability. Mean of thickness of cross-section (μm)
Location of thickness measured
Rd=25mm with alignment error Rd=25mm without alignment error Rd=50mm with alignment error Rd=50mm without alignment error
Other parameters including corner radius, material properties, and lubrication will be further explored in future studies by simulations and experiments because these parameters affect the flow behaviour of the material.
